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DEUTERON FORWARD PHOTODISINTEGRATION:
NESON HIRRENTS ANDRELATIVITY

J. L. Friar
Theoretical Division, Los Alamos National Laboratory

Los Alamos, New tlexico 87545

ABSTRACT

The few-nucleon problem in nuclear physics aml the
few-electron P1-ob]em in atomic physics are shown to
possess similarities. Relativistic aspects of
latter are reviewed.

~;,
The radiative decay yf the

excited state of helium-like ions to the S groun A
state is shown to be a theoretical anal”ogue of
low-energy deuteron forward photodisintegration.
Both have large relativistic components. The ex-
tended Siegert’s theorem, which permits application
of Siegert’s technique LO arbitrary photon wave
lengths, is applied to both transitions. Physical
arguments for the two processes are stressed, and
the relevance of interaction currents is discussed.

Nuclear and atomic physics have many similarities. Nowhere are
these similarities more apparent than in the few-body problem, which
is a speciai field in both disciplines, I am not an expert in thr
atomic field; rather 1 am a dilettante. Most of my dahhlin s have
been in the hydrogenic atoml and two-electron atom problems. !! Al-
though I clearly run thr risk of giving a distorted impression of
atomic physics, let me remark that if what 1 say isn’t true, it should
be!

The few-body problems of any field are those areas where compu-
tational expertise is greatest, and where new ideas can be most easily
tested and the underlying tenets given their most severe challenges.
The diffi~.ulties inherent in any attempt to solve the many-body prol}-
lem makv tests of fil]r theoretical details extremely dubious in surh
systems, Hence thr i]ttc[ltion ~ivcll to simple systems.

The traditional Jsprcts o! thrsr fields arr thr tacit L surnptions
mtide ill most ca]ru]alions, assumptions Whit-tl art’ iuv~riah]y madr hr-
caus~ they simplify without a fii~nificant IOSN of accurticy. 1 h;)vr
listed hclow what 1 ron~id(*r 10 h’ Lradltiona] asprrls of tlUvlt’’ilr

physics and thr cnrrrsponding tispccls of atornir physics.

(a)
(1))
((”)



I do not mean to imply that these aspects have never been challenged--
far from it. Relativistic treatments of the atomic one-electron bound
states predate 3 the Schrodinger and Dirac ●quations. Nearly fifLy
years ago 3-body forces were derived for both electrons and nucleuns.’
Retardation in phaton exchange was considered at uearly the same
times Nevertheless, with the exception of the few-electron problem,
the tradition has been to treat atoms as composed of nonrelativistic
electrons interacting via the two-body static Coulomb force.

The situation in nuclear physics is somewhat different quali-
tatively from atomic physics. In the latter field the interaction is
known and most of the attention is directed at detailed treatments of
wave functions; the sophistication is very impressive. In nuclear
physics only pion exchange has any credible fundamentality because of
the primitive nature of QCD calculations and because the older meson-
●xchange mechanism is phenomenological. In addition, light atoms have
❑any bound states, while the few-nucleon systems have only one, or
none. The atomic few-electron problem must be examined6 in order to
appreciate its richness and elegance.

To the best of my knowledge no ●xperimental evid
three-electron forces;

~ce exists for
th~sr forces are of order (v/r) , sprond-order

relativistic corrections, and corresponding ly small.
#

The evidence for
three-nucleon forces is circumstantial.” There is a binding defect
of approximately 1 IleV in the three-nucleon bound states for a wide
variety of realistic nucleon-nucleon forms. Certain three-body
forces generatr additional binding of approximately that amount. This
is a topic with intenbe current interest, and one 1 almost lectured on
here. Excellent ●violence now exists a for aspect (c) in nuclear phys-
ics. The field of meson-exchange currents had a long adolescence but
has now come of age.

Althou8h our attemtim will b~ directed at d~uteron photodisin-
tegration, we will begin hy examining relativistic corrections in th~
f?w-electron problem. 1 have chosm this promdure for thre~ reasons:
(1) It is interesting to indulge in “cuitural ●xchange” with other
fields; (2) Thr physic~ of one particular two-~lectron atom process i~
inmwdiatrly applicable to the dcuteron; thr former has heen teatml
●xperimentally, and n~ onr will doi’.ht the results; (~) tluch Oi ?.h,t
e~prrimrnlnl work on frw-rlertron ion~ wilh large Z (prutott numhrr) i~
now p~rformrd at Iwavy ion machineN, which arr nuclear physirs fncil-
iti~~. 1 hopr you find this approach int~r~sting.

Figurr 1 ahowm srhrmntiral]y thr low-lying leveln of hydrogrnir
utom~, Thr Hi radiativ~ trmnnjtion hotwrrn the 2n and lB ~tatrs i~
dominated by rclativiatir rorrrrt]ons, G hrcau~c thr ❑agnrtir ❑oment
operator is thr oum of spin and nrhital anRular momrntum oprratorH,
Th~ ~at~rr vanishr~ for n-statrN, whi]? the formrr dorN not rontain
●ny radial fac”tor~ whi(’h drNtroy thr or;ho~onmlity of lhr radial wnvr
fUllCtiOnN Of th~ tWC Ntll~pN. Thr rrtardatlon ●ffrct o! thr finitr
photon wnvf=lrn~l!l, thr l,orrntz (-ontra[tion 01” thr maRnrtiv moment, and
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a contribution from the spin-orbit interaction ❑ake comparable con-
tributions to the transit ion. g The latter includes an interaction-
current term (one-photon-exchange) whose strength can be altered by
means of unitary transfonuations. This is an ●xample of the kind of
“ambiguitj” which often arises in processes of relativistic orde~.

Iiydrogamc
Ions 2P 8

29 i
f

I ‘E’*
L14E’

‘L:S---*

Fig. 1. Low-lying levels of hydrogenir ions.

More familiar to most physicists are the 2s$+2pj transition and
the 2p fine-structure splitting, The former ir the quintessential
example of an exception to category (c) of traditional asperts. The
2s$ stat~ is normally degenerate with the 2p# state. Self-radiative
effects (Lhe Lamb shift) a~ld to a lesser extent the vacuum polariza-
tion raise the 2s$ level slighlly. The ef!ect is very small, but hy
generating a transition between the two levels th[. normal Bohr c~mpo-
nent of the ●nergies does not enter. In spite of the complexity of
the physics which determines the energy shift,l” the electric dipol[’
transition is very simply calcul:tcd if one uses the Siegert forml]
of the electromagnetic current, s (~), which couples the atom to thr
radiating photon, Sieg~rt showed that the long wavrlrngLh part of thr
rurrrnt oporator for dipole transitions could b~ rewrittem as

(1)

(2)

(:lj

and
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for a photon whose ❑omentum ~ is negligibly small. The key ingredient
in rewriting the

f
urrent in terms of the Hamiltonian, H, the electric

dipole operator, and the charge density, p(~) , is current conti-
nuit, given by &. (3), whicL has impeccable credentials. The
relat nship (1) is actually quite old, dating back to Schr6dinger’s
calcul. ion12 of the ●lectric dipole transitions between Stark-
shifted states -- the first ❑odern calculation of a quantum transi-
tion. Slhr6dinger actually assumed eqn. (1) because it held classi-
cally, anl later proved current continuity for his equation in the
presence of “ordinary” forces. An explicit demonstration of eqn. (1)
for the Lamb shift is fairly recent. l” Although th? current and
Hamiltonian are v= complicated in that case, p(~) is not, and tran-
sition matrix elements are trivial to calculate using eqn. (l).

Siegert’s resulL is called “Siegert’s theorem” and forms the
backbone of the photonuclear field. The name is a ❑isnomer, because
the “theorem” is actually an approximation. Although eqn. (1 is
exact, using the nonrelativistic dipole operator dS in place of , as
advocated by Siegert, is an approximation. “
correction to this prescription

SlegeOr~ showed that any
is of order (l/c ) and sho Id be

small . AThese corrections can be either potential dependent, v, or
momentum dependent, & o“

The best known example of a relativistic effect in an atom is the
2p3/2-2p$ fine structure, a knowledge of which predates quantum mech-
anics; it is shown in Figure 1. The Bohr contribution to the energy
difference cancels, and the splittin

2d
is produced

?
the spin-orbit

interaction, whose form is Ii ❑ - e ● , where is the electric
field of the proton, en is ‘“the (p~siti%) fundamental charge and

(4)

where p, e, m, ~, and ~ are the electron’s magnetic moment (in magne-
tos), charge, mass,2 and spin and mornt=utum operators. Note the ex-
plicit fac:or of l/c (which won’t h= seen a sin); this is a rela-
tivistic correction. A!!Two phenomena generate . One+is the elec-
tric dip~lr m~m$nt generated when a magnetic ‘~oment p moves with
velocity v: pvxp/c . This can also be viewed as the usual interaction
in the electron’s rest frame with the magnetic field generated by
transforming the electric field from the proton’s rest frame. In any
event it generates the p-term. The remaining e-trrm was explained hy
Thomasis at the ~amr time Schrodinger was performing his seminal
work. The ele~tron’~ velocity vertor is constantly changed by thr
acceleration, a. To an observer on the proton the coordinate axea
attached t% Jhe tlectron arr rotat.in~ (processing) with the Thomas
frequrncy: vxa/2t. , Thifi lrads inmwdiately to Ihr e-term in ●qn. (4),

Thr spin-orbit interaction’x ori~iu is kinematical, which ex-
plains its ubiquity. That was the reason for the exercise UI}OVP, It
occurs naturally in any derivation” of thr nucleon-nucleon forrr
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when l/c2-terms are kept. Two more examples of its occurrence in
atomic physics are contained in Figure 2, which displays the 10

The Y;l:i:gstates of helium-like ions, which have two electrons.
transition is similar to the 2s#+ls$ transition in hydrogenic !ons!
because the ❑agnetic moment o erator cannot flip &he spin of one
electron relative to the other. 8 Retardation, Lorentz contraction of
the Ml operator, and interaction currents generate$ ]y the ❑inimal
substitution in the momentum dependence in eqn. (4) (p+p-e~) drive the
reaction.g Theory and experiment are in good agre~-:-nt.ls

I 2EI ‘[723s’ “s2’)MEl
Ml

Hellum - like
Ions

I ‘s. (1s5

Fig. 2. Low-lying levels of helium-like ions.

3
Itlore interesting perhaps and more relevant to our purposes is the

P]+ S0 electric dipole transition. This is called an intercombina-
tion llne and occurs in the solar corona and is relevant to Tokamak
fusion reactors. It also has astrophysical relevance. The transition
is seen to be forbidden in first order if we use Siegert’s form of the
elsctric d“pole $urrent,

i!!
and the form of the n,m!elativistic dipolr

operator: = erm This is spin independent and ran’t induce triplet
to singlet ~ransi~ions. How does the transition proceed, then? Part
of the answer lies in the nonrelativistic assumption used above; up
need to resc”m.i Siegert’s approxim tion.

+ !
Clearly the spin-orbit dipole

operator, 48 contributes to and can induce ttm transition,
Retardation ~~’the nonrelativistic electric operator can also con-
tribute be$a~se the current coirtains a spin-magnetization term of the
focm: -i(qxrJ)p/2m.

I
In a dition th~ electron spin-o bit potential

5Padmixes small amounts of PI state with the dominant
1 ly,f:

; thi~
admixture is a relativistic component of the wave function. The
ordinary dipole operator can then connect the component with the stme
spin generated by the noncentral atomic forces. lG—.— ..—..-

Our problem ix to write tht= current in a form whirh manifests
e~rh of thrse proc~sscs.z Clearly a good storting point is eqn. (l),
Siegert ’s throrem, hut including th~ spin-orbit rontrihution to tho



6

dipole operator. A variety of formulae exist for including the effects
of retardation; it is not clear that they build in current continuity,
eqn. (3), in the maximal way. For this reason we will develop our own
form, The reason for ~ing this is the complexity of the atomic force
and current when I/c corrections are included, and the relative
simplicity of the charge denbity. Both the interaction and the corre-
sponding current are quite ❑essy! The key ingredient in our calcula-
tion is the Fourier transform of eqn. (3)

G“3($J= [H,P(g)] , (5)

where p(~) is the analogue of eqn. (2). Siegert’s resul} is generated
by expanding both sides of eqn. ($) to first order in q and equating
coefficients . It is only because q is a variable that a constraint on
the component of the current along a particular direction gives in~or-
mation on the complete current. Terms which are second order in q in
eqn. (5) involve the+electric quadruple operator, so we examir.e the
third-order terms in q:

Jd3x(xaxPJy + xaxyJP + xpxyJu(~) ) = i [H, ~d3x Xaxpxy p(~)] . (6)

This result is complicated by the obvious requirement’. that we keep
track of 3 different Cartesian jndices (a,fi,y), which connected to
factors of the photon momentum, q, There are two notable features of
eqn. (6): (1) The right-hand side is the Cartesian octupole tensor;
(2) The left-hand side involves only terms symmetric in the indices.
The octupole tensor is reducible; that is, it contains a piece which
is dipole in nature and can be obtainea by contracting any Lwo indices
together:

This relationship contains the =l~te information
current conservation constraint f~r electric dipole

(7)

we need on the
tr~n~ition . If

we expand ~(g) to secund order in {, arrange indi_ces on x’s and # ‘s so
they are either sysmnetric or nonsymmetic in the indic~s, use of eqr’.
(7) results in

fi - FT3 + MM] + &G.”h +~E1(g) = ilH, ,0 30 (i . . . ) (8)

where ~ is the int~gral on th~ right-ha[,d side of eqn. (7),

jd3x ~ x2p(~), and j i~ relaLed to the magnetic density ~(~)= ~~x~({):

(9)

Equation (8) is very power!lll tind eleRant, although “beauty is in
the ryr of thr bcholdrr”! It exp e srs

f{
the retardrd El current ill

terms of 3 physical qualltl~irs, , , and i and satisfies currrnl
ronscrvalion without any approximation. The lattrl proof is left a~
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●n ●xercise. Ue ●lso note that this form is unique in its maximal use
of current conservation, because of our use of permutation s~etry
with respect to the indices on the vectors. The form we have derived
is the logical ●xtension of Siegert’s ●arly work nd is ●lso different
from others used comonly in the past. Although # and 8 have ● simple
structure, # requires a little work to develop for s single ●lect:on:

il=- 2p+e+ xl]+....~ {r, (lo)

The two terms above arise from the spin-magnetization current and
convection current, respectively. Additional currents, such as ●x-
chan~s currents, aen’?rate additional components of 8. Experts will
note that the transverse (to ~) retardation correction in th Siegert
term is 6 times smaller than the usual correction and that 8 doesn’t
involve the radial derivative present in the usual form!

After this short digression to develop a new rnultipole f~~u~a,
we can investigate the size of various contributions to the

#0#: #eCay;
Aa we remarked earlier, ‘$+ ‘?the spin-independent par s o

don t contribute to the direct triplet-singlet transition.
The spin-or it dipole operator does, and so does the spin-dependent

iterm in N: . We can easily compare the contributions of these two
terns by us&8 a trick. We use the fact that q = w, the photon
energy, and also is the negative of the eneray difference of atomic
~inhl ●and initial statea: UJfi. The approximate relationship
p=im[H,r], where we ianore the relativistic corrections in H, then
leads to

(11)

Equation (11) displays the component of ~ ort.hoaonal to ~ in terms of
the Sie8ert part, as well as the s in-orbit term and the retard d
magnetic correction, is; it i~norea $ and the remainina parts of i
which make negligible contributions. For elect.rona, the anomalou;
magnrtic ❑oment i: tiny and thus p~e. Consequently, the spin-orbit and
returded apin terms cancel, and the spin-flip terms induced by the
atomic spin-orbit forces drive the transition. The overall size of
either of the canceling termslG compared to the leadin8 dipole term
is roughly 25% for helium. The agreement between theory ●nd ●xperi.-
ment ia quite 8ood.16P17

The lesaon~ learned above in the atomic physic~ ●xamplea are
imediateiy applicable to nuclear physics. In order to “bee” relativ-
istic correction in nuclei it ia nece~sary to find physical situa-
tion~ where the dominant nonr~lativistic contributions cancel. It iR

not feaHibl~ for UM to perform meaaurement~ with incredible ●ccuracy
and reliably calculate and subtract the dominant nonrelativistic
parts. Nobody would helievr the result. Fortunately, n process exiatH
which providea convincing rvidence of apccial relativity at work in a
nurlrua. Figure 3 shcwH ●u electromnanetir wave (photon) impinging on



a deuteron. The electric field vector of the photon is orthogonal to
thr Pcynting vector and exerts a force on the proton in the same
direction. This cla%aical argument indicates that the protons are
preferentially directed at right angles to the photon beam and are
forbidden in the fomard direction. At the bottom of the figure is
depicted the unit angular ❑omentum of the photon directed along the
Poynting vector. The orbital angular ❑omentum of the n-p system along
this direction vaniahes when the proton is fomard-going. Ignoring
the apins of the nucleora, the process must be forbidden!

Ill
f+)

F

E P
Farblddm

a n ~-
Cla881cally

Fig. 3. Classical kinematics for deuteron forward

The reaction ia not forbidden, of course.

-0-+

P

photodisinte~ration.

but i~ greatly sup-
pressed by the argument given above. In order to calculate the domi-
nant electric dipole process accurately, we need to say a few more
words about the Siegert form of+the current. operator. The classical
component of the current is ev/c, where v is the velocity of the
particle whose chilrge is ● . In a nucleus there are other, comparable
currents arising from the flow of charged mesons. Roughly half of the
mesong which are exchanged are charged and generate meson-exchange
cur?enta. Onlv the long-range parts of these current~ are known. It
is therefore absolutely necessary to use Siegert’s theorem. In dtomir
physics thes~ two currents are called the dipole-velocity and dipole-
length forms. Only the latter has any fundamentality when the
Hamiltonian contains relativistic corrections, as it did in our ex-
ample earlier. Deuteron photodisintegration for 90° protons iB shown
in Figure 4, calculated in the unretarded electric dipole approxima-
tion u~ing the length (Siegert) and velocity (convection) current
forma. The large difference is the ●ffect of interaction currents
included implicitly in the former. According to Profesflor
Arenh6vel,1s these effects are largest for the El multipole and
become progressively smaller a~ the multipolarity increases.

We will aee latrr that the 0° electric dipole cross section is
approximately 2 pb for 10 MPVphotons. This is ‘u enormous suppres-
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sion, which we predicted, but is nonvanishing. What physical ingred-
ients drive the forward reaction? We have ignored the nucleon spins
that drive the Ml amplitudes; these are primarily spin-flip in nature.
We have also ignored the intrinsic spin-dependent effects in the wave
functions, particularly in the deuteron ground state whose D-wave
component is the result of noncentral forces. We can categorize the
ingredients for a nonvanishing cross-section as follows:
(1) Noncentral forces between the nucleons in the excited state;
(2) The deuteron D-state , resulting from noncentral forces;
(3) Spin-dependent transition operators;
(4) pos6ib’ exotic phenomena of non-nucleonic nature.
We see that with the exception of category (4), St.helsituatiton .is
identical to that of our previous example, ~!he
decay. The spin-independent dipole operator D

d

co~~b~!e~a~;~~’~~
t e presence of noncentra~ forces. The spin-or%it dipole operatorlg

and spin-current20 Nmsalso should make large fractional contri-
bu~$!ons. The only change In th~ analysis following eqn. (11) reflects
the large isovector ❑agnetic moment of the nucl
electric dipoie ‘Y;’ e:;:te:”;;at:;reaction proceeds primarily to
which have iaospin 1, The isospin change requiresJp in all opera-
tors; we consequently can neglect e compared to p inveqn. (11). ‘J’he
spin-orbit contribution should therefore be roughly twice that of Ns,
and opposite in sign.

d(y,p)n – No Retardation
m

a .— Sloiert Currwnt

. . . . . . . . . Wwation Current.’
z ‘.
:m ‘.

‘.
.?. ‘.
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‘.
“,
‘.

Im “.,
‘.,

II

‘.
‘,
..

y~ -
...

,..... ‘>
....

. . .
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. ..-

0
0 8 10 la m m m

w, (Rev)
40

Fig, 4. Siegert and classical contributions to photodisint.egratioc.

Figure 5 displays .ne percentage contributions of the ~ and $ re-
tardation corrections to the Siegert term at 0“. Both 01 (i.e. con-
ventional) and new (eqn, 8) forms nre shown. Note that i i~ s aller
by a factor of 6 in the new form, 3and the orbital part of N ( ) is
also smaller, in general, The spin part of N is the same in”both
forms and is approximately H 10% effect for photon energies near 100
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14eV. The
is quite
that ~~o

contribution of the usual pion-exchange currents to i(i)
small in the new form. The +10% estimate for Ns indicaf%s
should generate a -20% contribution.

d(y,p)n-- E1 Retardation Correction

---------...... . .. ..-
: (Now) . ..-”. . .

-— q(old) ...-
5 —— NoObw) ...”””--.”-...................

,..,... ....-:;*......,,.,
0~:-< - -=2.< &:& ~%___ --

-i
-w.,,, .-. ._,_

-\
,-...,,

,,,

-1.
+ N. (Old)

N= (Now)
---.-— ~._,

Fig, 5. El retardation corrections.

In order to produce a quantitatively accurate calculation of
crGss-sections, it is necessary to include higher multiples. The
contributions through L=2 are shown in figure 6. The anomalously
large contribution of M2 is caused by the domin~nce of this isovector
spin-triplet multipole by the spin-magnetization current and its very
large pv. Higher multi.poles are much smaller.

d(y,p)n - Multiples

‘~r~

9

a

a

i

1
I

o~’--..’.-~ ~-l
Ommmamm mmmmmlmm

W, (Mov)

Fig. 6. Multipole contributions to deuteron photodisintegration,
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d(~,p)n-–No Spin--Orbit
10 -

8

a

4

2

n

1. -

m llx~rtmental thla
Hgmada JohnnlorI

—.. — Rr Id soft Corr
.— Suwr soft Corr

—. Par18

+-
-+- ---- +

Ar@onnr V14
.-— dr Tourr? il-lloubm -Sprung

-— OPEP
-. Humkraton-Wmlla*

0 i020m40=m mmm 110 m im
w, (Me%)

Fig. 7. Photodisintegra tion for various potential models”
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Fig. 8. Photodisintegration including spin-orbit operator.

In order to make a convincing case that the spin-orbit dipole
operator eliminates most of the discrepancy between nonrelativistic
impulse approximation and the experimental data,21’22 w2e3have cal-
culated the former using 8 “realistic” potential models. All lie
close together in Figure 7, as do the corresponding spin-orbit results
in Figure 8. In fact, the spread in the curve is illusory. The use
of S&gert’s theorem results in the process being dominated by factors
of r and hence by the Lails of the wave functions. Figure 9 shows



what happecis when the deuteron D-state is turned off: most of the
cross section vanishes. It is therefore appropriate24 to correlate
the cross section with the deuteron asymptotic D-state normalization
parameter:

+
“*S . Scaling the curves in Fig. (7) to the experimental

value (.024 of
$

produces Fig. (10). The grouping is ❑uch tighter
except for the amada-Johnston and Reid Soft Core potentials. The
latter has poor P-wave forces, while the former has an incorrect
deuteron binding energy. The Humberstoci-Wallace ❑edification of the
HJ potential does not have that defect. The correct inclusion of
forces in the excited states is quite important. The dotted curve in
Figure 9 neglects such forces. Even the inclusion of the J=3 forces
in t-he RSC notential isn’t a neglifiible effect. Those forces. devel-
oped but

.
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Fig. 9. Limiting cases for photodi sintrgration with RSC interaction.

Ths pion clouds around the nucleons contribute to tht= nuclear
charge density via fluctuations, a kind of induced zittcrhewe:ung.
JLIst as the Lamb shift can he viewrd as it “’smearing” of” thr electron’s
charg~ by recoil when a virtual photon is emitted and uhsorbcd, so do
t.hr nuclrons reccil and modify the density whilr exchanging pions.
The resulting chargr density modification is spin-dependent, becausr
the formation of the pion TIoud is corrplatrd with ~he IIIIClrOII spins.
ConsPquentiy, a Fpin-de’perldrnt pion-excllallgr d i ;)01c operator is
created in thr deuteron, and can play a ro!r in pl,{~tollisilltrgrati on,

Wt=Rhow in Fig. 11 thr consrqurll~rs of’ including fin, the piol)-
●xchan~r part of the rlcrtrir dipole opcralor. Thi~ oprrator suffrrs
a two-told unit~lry aml)iguity,26 (l~terrninrd hy pilriltllrtrrS p and V.
Tht= ptiram(’tcr p determiners thr t’~luival~nr[~ rrprrscntatiun, which
rclatrs in appropriate fashion thr psrud[)scn]ar (PS) and p~rudovr(’tor
‘Pi’) types of pion-nuclron coup] ings. Thr paramrtrr v dctrrminrs how



13

~eta~dation in the exchange is handled. In our disc ssion of the
PI+ SO decay we did not mention any contribution to 3 from photon

exchange. Such a contribution js possible, but doesn’t occur because
all atomic physics calculation s involving photon excnange are per-
formed in Coulomb gauge. 2 Thik gauge is equivalent to u=] (the “soft”
representation) and eliminates such terms. For photcn and scalar- or
vecto~-meson exchange14 this representation eliminates to order
(v/c)’ the isoscalar part of the exchange charge density, xv.
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Fig. IC Scaled photodisintegrat ion for various potential models.

It is conventional to use PS-coupling in calculating & . This
is inappropriate. Threshold pion photoprod~ction from the nu?leon is
a good test of Born-term models. Neutral pion photoproduction is very
different for the PS- and PV-cases, and experiments support the
latter,z’ which is :’onsistent with current algebra. One shouJd there-
forr not use PS-coupling. The PV-case is trivially obtained from the
PS-results by replacing nucleon magnetic moments by 1, Results for
PS-coupling are the top two curves in Fig. 11, showing thr compJetr
and local approximations for a specific, conmron representation. tlost
calculations implicitly use p=- 1 and drop momentum factors. Thtit rasr
for PV-coupling is shown next and is only shout half of the corre-
sponding PS-case. Threr othrr represent. Lions ar~ also shown, JS welJ
as the comparison t“urve which incJudes 1 and exchange= contributions
to the magnrtic dipole process, but not ‘Xd , Th~ former contribu-

tions are nonrPJativistir and independent ~f the specf”ic coupling
schcr.e. Note that all thr PV-rascs are reasonahJy consistent with
A(do/dfJ) = (2U-P-1) X/2 with X>O. Thus, choosing 2V-P-I=CI ~orr[..
spond~ rnoughly to irnpulsr approximation. For isos(htilar procPN~~s,2c
4Jn vani~hes for v=], p=3, AJ1 thrsc calculations arr inconsi~tvnt,
of coursr, The mntrix plt=m~nt~ ill a rdn~ist~nt raJrillat ion wouJd I)(o

in~q)enrlrnt 0! ~ ancl v, tht” wnvf f’unctioils rhangill~ in Catth rns~ to
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accommodate the different operators, fi . Unfortunately, the comnonly
used realistic potential models don’t ~orrespond to ~ of the repre-
sentations we have discussed.

Fig. 11, Photodisintr’gration inc]uding pion-exchange dipole operators.

In conclusion, wc have calcultitm! deutcron t&rw~d photodis-
integration and shown that it is the analogue of the P]- SO radiative
decay of heli ~-like ‘ ns. Tll~ ]atter process vanishes unless terms

of order (v/c) are calculated; in our opinion, thr fol,ncr process is
the first convincing case of a relativistic correction in a nuclear
process. UC have also developed the extension of SieRtrt’s theort=m for
nonvanishing wave lengths;z~ alternative forms have nu compelling
features and should not hi’ used for rlectric transition. All of our
examples of relativity at work involve thr spin-orbit int~racti(ln in
various ways. Finally, we havr srrn how interaction-dependent oprra-
tGrs of r~lativistir ordrr arr rnmbiguous;

Abn r~muin. to br prrformrd.
a drtinitive ~ill~ll’titioll

using

This work wab performed undrr thr auspices of thr l]. S. Drp~r~-
ment of Enrrgy,
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